Abstract. For open orchard and vineyard canopies containing significant fractions of exposed soil (>50%), typical of Mediterranean agricultural regions, the energy balance of the vegetation elements is strongly influenced by heat exchange with the bare soil/substrate. For these agricultural systems a "two-source" approach, where radiation and turbulent exchange between the soil and canopy elements are explicitly modelled, appears to be the only suitable methodology for reliably assessing energy fluxes. In strongly clumped canopies, the effective wind speed profile inside and below the canopy layer can strongly influence the partitioning of energy fluxes between the soil and vegetation components. To assess the impact of in-canopy wind profile on model flux estimates, an analysis of three different formulations is presented, including algorithms from Goudriaan (1977) , Massman (1987) and Lalic et al. (2003) . The in-canopy wind profile formulations are applied to the thermal-based two-source energy balance (TSEB) model developed by Norman et al. (1995) and modified by Kustas and Norman (1999) . High resolution airborne remote sensing images, collected over an agricultural area located in the western part of Sicily (Italy) comprised primarily of vineyards, olive and citrus orchards, are used to derive all the input parameters needed to apply the TSEB. The images were acquired from June to October 2008 and include a relatively wide range of meteorological and soil moisture conditions. A preliminary sensitivity analysis of Correspondence to: C. Cammalleri (cammillino@gmail.com) the three wind profile algorithms highlights the dependence of wind speed just above the soil/substrate to leaf area index and canopy height over the typical range of canopy properties encountered in these agricultural areas. It is found that differences among the models in wind just above the soil surface are most significant under sparse and medium fractional cover conditions (15-50%). The TSEB model heat flux estimates are compared with micro-meteorological measurements from a small aperture scintillometer and an eddy covariance tower collected over an olive orchard characterized by moderate fractional vegetation cover (≈35%) and relatively tall crop (≈3.5 m). TSEB fluxes for the 7 image acquisition dates generated using both the Massman and Goudriaan in-canopy wind profile formulations give close agreement with measured fluxes, while the Lalic et al. equations yield poor results. The Massman wind profile scheme slightly outperforms that of Goudriaan, but it requires an additional parameter accounting for the roughness sub-layer of the underlying vegetative surface. The analysis also suggests that within-canopy wind profile model discrepancies become important, in terms of impact on modelled sensible heat flux, only for sparse canopies with moderate vegetation coverage.
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C. Cammalleri et al.: The impact of in-canopy wind profile formulations on the heat flux estimation waste of water. This type of information facilitates assessment of irrigation performance indicators at both field and farm scales, fundamental for agricultural economic system performance evaluation (Bastiaanssen and Bos, 1999) .
However, many of these Mediterranean cropping systems are characterized by strongly clumped canopy cover, with significant exposure of bare soil between crop rows. Reliable algorithms for estimating total evapotranspiration (ET) therefore require a methodology to estimate water and energy fluxes from both the soil/substrate and the vegetation canopy. Moreover, given that only the vegetation transpiration component of ET is directly related to the effective crop stress condition, accurate partitioning between soil evaporation and canopy transpiration will have added value for agricultural water management monitoring and applications.
Remote sensing provides a means for mapping spatial distributions in water loss from soil and vegetation (e.g., Schmugge et al., 2002) . Numerous remote sensing-based approaches to ET mapping have been reported in the literature (Kalma et al., 2008) , many of which use thermalinfrared to provide a key surface boundary condition (Kustas and Norman, 1996) . Some have been developed to maximize ease of application, using semi-empirical (e.g., Roenink et al., 2000) or within-scene scaling (Allen et al., 2007; Bastiaanssen et al., 1998) approaches, whereas others are more physically based, explicitly modelling the soil-vegetationatmosphere exchange processes (Chehbouni et al., 2001; Norman et al., 1995) .
Recent studies (e.g., Choi et al., 2009; Minacapilli et al., 2009; Timmermans et al., 2007) have emphasized the need for so-called "two-source" modelling schemes in order to obtain a more accurate partitioning of the surface energy fluxes in partially vegetated areas. The combination of patchy vegetation cover and frequent dry surface moisture conditions in arid or semi-arid climates causes a significant source of sensible heat flux from the soil surface, which will likely have a measureable influence on the canopy fluxes (Kustas and Norman, 1999) . To reliably capture these effects in a modelling framework, an explicit treatment of the soil and vegetation exchange processes in the canopy air-space is required. In such cases the wind speed profile function within the canopy layer will strongly modulate the resistance to heat transport from the soil and canopy elements, and can have a significant impact on both the radiative and turbulent heat exchange between soil and vegetation.
Past studies of the wind speed inside the canopy, especially in forested ecosystems, have been based on experimental observations and subsequent modelling of wind profile using analytical and semi-empirical extinction formulations (e.g., Cowan, 1968; Fons, 1940; Petit et al., 1976) . However, the extreme variability in forest canopies results in large disparities in wind speed profiles due to differences in canopy architecture, density, height and foliage distributions (Fritschen, 1985) . Despite this variability, a variety of analytical (Cowan, 1968; de Bruin and Moore, 1985; Massman, 1987) and semi-empirical (Uchijima and Wright, 1964) incanopy wind profile formulations have been proposed, with the goal of minimizing the number of input parameters required to describe wind profiles over a range of forest canopy conditions.
Tall and clumped (and/or patchy) crops, such as vineyards and orchards, are in many ways similar to forested environments, and require careful treatment of soil/canopy flux partitioning. An analysis of the impact of different in-canopy wind profiles parameterizations on modelled energy fluxes from the soil and vegetation components provides insight into the uncertainty in heat flux estimation, especially under partial canopy cover.
The study area examined here, located in south-west Sicily (Italy), is comprised of olive and citrus orchards, vineyards and bare soil fields with a wide range in fractional vegetation cover and canopy height typical of Mediterranean systems. Here, flux observations from two micro-meteorological installations (a small aperture scintillometer and an eddy covariance tower) in an olive orchard are used to evaluate the impact of three different in-canopy wind profile algorithms on the heat fluxes estimated using the two-source energy balance (TSEB) model (Kustas and Norman, 1999; . The olive orchard had a canopy height of about 3.5 m and a fractional vegetation cover of about 35%. High resolution airborne imagery in the visible, near-infrared and thermal-infrared bands was collected on seven dates, covering a wide range of meteorological (e.g., wind speed and air temperature) and stress conditions (water availability due to irrigation and rainfall) and were used to run the TSEB model. The high spatial resolution of the images (on the order of 10 m) permits the application of the TSEB model at the sub-field scale despite the high spatial fragmentation of the landscape, mainly characterized by field sizes of less than 5 hectares.
Methodology
In this section a brief description of the TSEB model will be given, with focused attention on its applicability to sparse, clumped vegetation. In addition, an overview of the different formulations for modelling in-canopy wind profile through the canopy layer is provided, with special consideration for the canopy air space in between individual trees.
Model description
The solution of the surface energy balance based on the two-source approach requires partitioning the energy fluxes between the canopy and soil components of the modelling scene: (1) and (2) involves estimation of the net radiation components and soil heat flux based on radiation inputs and canopy extinction. Sensible heat is computed using the temperature-resistance network shown in Fig. 1 , with latent heat determined as a residual to the overall energy balance. The solution sequence was described by Norman et al. (1995) with revisions by Kustas and Norman (1999) , and it is outlined briefly below. In the TSEB, the partitioning of net radiation between the soil and canopy net radiation is physically based and considers separately the divergence of the short-wave (S n ) and long-wave radiation (L n ) within the canopy layer, following the latest TSEB version proposed by Kustas and Norman (2000) . Net short-wave radiation is computed using a simplified version of the relationships reported in Chapter 15 of Campbell and Norman (1998) :
where k is the extinction coefficient for solar radiation modelled as a function of solar zenith angle, θ s (Norman and Campbell, 1983) , α c and α s are the canopy and soil albedo and LAI is the leaf area index [m 2 m −2 ].
Net long-wave radiation has been computed using the formulation proposed by Ross (1975) assuming exponential extinction law of radiation in canopy air-space:
where k L is the extinction coefficient in the long-wave (≈ 0.95), ε is the apparent atmospheric emissivity (modelled by using the approach proposed by Brutsaert, 1982) , σ is the Stefan-Boltzmann constant, ε c (≈0.98) and ε s (≈0.97) are the surface emissivity of canopy and soil respectively (Brutsaert, 1982) , T a [K] is the air temperature above the canopy, and T c and T s [K] are the surface temperatures of canopy and soil, respectively.
The soil heat flux, G 0 , can be related to the net radiation at the soil surface following the approach proposed by Santanello and Friedl (2003) :
where t is the time in seconds relative to the solar noon, A represents the maximum of the ratio G 0 /R n,s , assumed equal to 0.2 in agreement with the range of variability derived by the studies of Choudhury et al. (1987 ), Friedl (1996 , Kustas and Daughtry (1990), C [s] is the peak in time position, supposed equal to 3600 following Cellier et al. (1996) , and B [s] is set equal to 74 000. These relationships were originally developed for a surface characterized by uniformly distributed vegetation cover. In the case of clumped canopies with partial vegetation cover, the LAI can be corrected by means of a multiplicative clumping factor, , which takes into account reduced extinction through a clumped canopy compared to uniformly distributed vegetation. To compute the clumping factor, Campbell and Norman (1998) suggest the following semiempirical expression:
where (θ s ) is the clumping factor at solar zenith angle θ s , (0) is the clumping factor for a nadir solar zenith angle, and p is an empirical expression given by:
where D is the plant height to width ratio, given as: Kustas and Norman, 1999; McNaughton and van den Hurk, 1995; Norman et al., 1995) . In order to obtain T s and T c in Eq. (11) the radiometric surface temperature, T RAD , retrieved by remote sensing is partitioned into soil and canopy components based on the vegetation cover fraction, f c (θ), apparent at the view zenith angle of the thermal radiometer (θ):
In this experiment, θ = 0 was used since the airborne sensors were at near-nadir view angles, and f c (θ) was derived from LAI using (Choudhury, 1987; Richter and Timmermans, 2009 ):
In the case of partial or open canopy cover under strong convective conditions with hot, dry soil, the soil resistance, r s , in Eq. (11) can be estimated following the modification proposed by Kustas and Norman (1999) based on the study of Kondo and Ishida (1997) :
where b can be set equal to 0.012 for natural surfaces, and the coefficient c [m s −1 K −1/3 ] ranging between 0.0011 and 0.0038 as a function of the surface roughness. Sauer (1993) and Sauer et al. (1995) The aerodynamic resistance, r a , can be modelled as a function of wind speed, U [m s −1 ], by means of the formulation proposed by Brutsaert (1982) :
where z T and z U [m] are the measurement height of air temperature and wind speed above the canopy height, d 0 is the zero plane displacement [m], z 0m is the roughness length for momentum transfer [m] , and h and m are the atmospheric stability functions modelled according to Paulson (1970) and Webb (1970) . The resistance of the canopy boundary layer, r x , is schematized as suggested by Norman et al. (1995) , according to the parameterization proposed by McNaughton and van den Hurk (1995) :
where C is set equal to 90 s 1/2 m −1 as suggested by Grace (1981) , s is the mean leaf size [m] and U d 0 +z 0m is the wind velocity at the height (d 0+ z 0m ).
Finally, the set of two Eqs. (11) and (12) in the unknown variables T c , T s and T 0 can be solved along with the overall energy balance in Eqs. (1) and (2) using an initial assumption that the canopy transpiration, λE c , is at the potential rate estimated using the Priestley-Taylor equation (Priestley and Taylor, 1972) . If the canopy is in fact undergoing water stress, the Priestley-Taylor equation will lead to an overestimation of λE c , which in turn will likely result in an overestimation of H s due to an elevated T s resulting in negative value of λE s (condensation) computed via Eq. (1). This condition is not physically realistic during daytime convective conditions and therefore a new solution is obtained by iteratively reducing the Priestley-Taylor coefficient, simulating the effects of canopy stress (see Kustas et al., 2004) .
The main parameters used in the TSEB model are summarized in Table 1 , along with values or parameterizations adopted in this study.
Wind speed above the soil surface
In the original TSEB formulation the wind speed above the soil layer was modelled using the exponential law proposed by Goudriaan (1977) , from here on referred to as the Goudriaan approach:
where U c represents the wind speed [m s −1 ] at the top of canopy (derived by logarithmic profile, adjusted by means of stability function), z s [m] is the height above the soil where the effect of soil surface roughness becomes negligible, set equal to 0.1 m for the tall vegetation in this experiment, and a is the extinction factor, given by Goudriaan (1977) as: 
Height above the soil where is minimal the effect of soil surface roughness 0.1
Parameter accounting for roughness sub-layer 1.5
Crown bottom height 1/3h c * References for the adopted values are recognizable throughout the text.
where s is computed by four times the leaf area divided by the perimeter. However, as observed by Brutsaert (1982) , the use of an exponential wind profile inside the foliage space is not always appropriate, especially in proximity of the soil surface. Moreover, a number of past studies focused attention on wind profile observations for forested canopies and the difficulty of specifying a unified in-canopy wind profile formulation (Fons, 1940; Petit et al., 1976; Shaw, 1977; Uchijima and Wright, 1964) . In particular, Shaw (1977) observed that in the lower region of the canopy a hyperbolic-cosine profile may be more appropriate. More recently, Massman (1987) suggested the following expression (from here on referred to as the Massman approach), assuming a uniform vertical distribution of foliage:
in which the parameter β can be derived by the relationship:
where C d is the drag coefficient typically equal to 0.2 (Goudriaan, 1977) , and α * is a dimensionless coefficient that accounts for the presence of the roughness sub-layer of the underlying vegetative surface, having value between 1.0 and 2.0 (Raupach and Thorm, 1981) . Due to the uncertainties in the effective value of this parameter, a value of 1.5 was adopted in this experiment as suggested by Massman (1987) on the basis of observed wind profiles in different crops. The parameter β, derived using Eq. (20), represents the extinction coefficient for hyperbolic-cosine profile, equivalent to the parameter a of the exponential in Eq. (17). An analogous, but more complex, relationship exists for the case of a triangular foliage distribution, related to the Airy functions (Abramowitz and Stegun, 1964) above and below the point of maximum foliage density. However, the requirement of knowing the vertical distribution of the foliage restricts the application of this approach to sites having good ground-truth information and is therefore not considered here.
More recently, on the basis of detailed analysis of observed wind profiles acquired inside pine forests in Great Britain and the Shasta Experimental Forest in the USA, Lalic et al. (2003) suggest the following wind profile inside the canopy space (from here on referred to as the Lalic approach):
where
is the crown bottom height, the factor β is parameterised as in the Massman (1987) approach, and the parameter C c is define as follow:
The exponent 7/2 was derived, in replacement of the value of 0.5 proposed by Massman, by fitting the values measured in a forest in Great Britain with the empirical relationship. In the absence of additional information, the parameter z d was set equal to 1/3 of canopy height, on the hypothesis that for tall canopies the foliage occupies primarily the upper 2/3 of the canopy height. The relationships described in Eqs. (19) and (21) can be used to derive the value of wind speed just above the soil, analogous to Eq. (17), by replacing the term z with the value z s .
Study area and data collection
The study site was located in southern Italy in a highly fragmented agricultural landscape, mainly dominated by orchards and vineyards with strongly clumped vegetation cover, set in a typical Mediterranean climate. During the period June-October 2008, 7 airborne remote sensing acquisitions were made as part of the DIFA (DIgitalizzazione della Filiera Agroalimentare) project. In the same timeframe, a series of field campaigns was carried out, aimed at characterizing radiometric, thermal and biophysical surface properties over this landscape, including continuous monitoring of surface energy fluxes by means of micro-meteorological instrumentations.
Test site description
The experiment site, located in south-west cost of Sicily (Italy) about 5 km south-east of the town of Castelvetrano (TP) at 37 • 38 35 N latitude and 12 • 50 50 E longitude, encompasses an area of approximately 160 ha in size. The crops grown in this region are mainly olive trees, grapes and citrus trees (Fig. 2) . The landscape around the study site is generally flat and highly fragmented, with a mean field size of few hectares, alternating between different crop types and fallow fields with bare soil.
From a climatic standpoint, the area experiences a typical Mediterranean climate characterized by moderate rainfall during the autumn and winter periods and by very high air temperature, with little precipitation occurring during the summer months. The phase shift between the crop phenological (growth) cycle and the rainfall events generally results in a high evaporative demand during the summer period, especially if there has been an absence of precipitation during the Spring. For example, in 2008 the total rainfall for the study area was of about 450 mm, while the FAO-56 formula for reference evapotranspiration (Allen et al., 1998) predicts an atmospheric evaporative demand of nearly 1100 mm. Orthophoto of the study area. The coloured lines demarcate the main study fields: specifically, the blue line encompasses the olive orchard monitored by the two micro-meteorological installations (denoted as SAS and EC). Additionally the location of the SIAS weather station is demarcated in the eastern part of the study area.
The northern part of the test site mainly consists of olive, grape and bare soil fields of moderate size, with a square shape water body in the east maintained for irrigation purposes (see Fig. 2 ). In the central area there are alternating fields comprised of vineyards (fields V1 and V2, respectively demarcated by blue marine and green lines), olive and citrus orchards (fields C1 and C2, respectively denoted with red and orange lines) with varying fractional vegetation cover, canopy height and field size. In the eastern side of the experimental site there is located a meteorological installation of the SIAS (Servizio Informativo Agrometeorologico Siciliano), which provides measurements of the main meteorological variables (e.g., incoming solar radiation, air temperature, pressure and humidity, wind velocity and rainfall). The southern part of the area is mainly characterized by olive orchards, and in particular an olive field of about 13 ha in size (demarcated by the blue line in Fig. 2) where two different micro-meteorological stations were installed to measure energy fluxes: a small aperture scintillometer (SAS) system and an eddy covariance (EC) tower.
The olive trees have been planted on regular grid of about 8 × 5 m 2 (≈250 trees/ha). The mean olive canopy height is about 3.3 m with a mean fractional canopy cover of approximately 0.35. The entire olive orchard was subdivided into 5 sub-plots, O1 to O5, in order to analyze the effective homogeneity of the field, which is crucial for assessing whether the micro-meteorological installation provides flux measurements representative of the field average. The sparse configuration of the olive trees, typical of Mediterranean agricultural practices, causes the surface flux exchange mechanism to be strongly influenced by sensible heat fluxes coming from the exposed soil, making this a good test case for studying soil resistance and wind profile parameterizations.
In-situ measurements
The measurements collected during the 2008 study period address two primary objectives: (a) characterization of the test site in terms of radiometric, thermal and biophysical properties for the purpose of calibrating the remote sensing data; (b) collection of micrometeorological observations for evaluating TSEB flux predictions.
Measurements for remote sensing data calibration
To construct reliable surface reflectance and radiometric surface temperature maps, removing effects of atmospheric absorption and scattering, the aircraft imagery were semiempirically calibrated with respect to in-situ observations. Additionally, retrievals of vegetation properties such as LAI and canopy height were improved using local calibration with ground-truth data. The ground measurement campaigns were conducted during each of the 7 acquisition days, beginning 2 h before the acquisition and finishing 2 h after the aircraft overpass.
Specifically, spectroradiometric measurements were collected with an ASD Inc. FieldSpec® HandHeld spectroradiometer over a number of natural and artificial surfaces with different radiometric characteristics, surface temperature was measured using non-contact thermal-IR radiometers, LAI was measured for different crops using a Li-cor® LAI2000 optical instrument, together with canopy height measurements.
The data were collected at several sites across the study area, selected with the aim to represent the range of variability in the scene of the observed quantity. Multiple repetitions of the observations were collected in order to minimize errors related to the measurement techniques.
Particular care was taken with the measurement of fieldand plant-scale LAI for the olive grove. In fact, due to the strong clumping of these crops, the measurements were structured to characterize separately LAI of a single plant (adopting the protocol suggested in the instrument manual; Li-cor Inc., 1992) and the plot scale value (to average over the clumping effects). The plant-scale values were used to calibrate the images, while the plot-scale values were used to assess the clumping effect.
A linear interpolation (in time) of both spectroradiometric and surface temperature measurements was used for all the ground targets, in order to extrapolate the variables to the time of aircraft overpass. A summary of the observed variables and the number of sites where data were collected are reported in Table 2 .
Surface energy fluxes measurements
Surface fluxes in the olive orchard were continuously monitored during the entire study period by means of 2 micrometeorological installations: a small aperture scintillometer and an eddy covariance tower.
The scintillometer system included a Scintec SLS20 displaced beam small aperture scintillometer (SAS), a two component (total incoming and outgoing) pyrradiometer (Schenk GmbH, model 8111), and three soil heat plates (HFP01SC, Hukseflux). The SAS was installed at a height of 7 m above the ground, with a path length of about 95 m; the pyrradiometer was installed in correspondence of SAS transmitter an elevation of 8 m above ground level (agl), and the three flux plates were set beneath the canopy foliage, in an exposed bare soil area and in an intermediate location, at depth of about 0.10 m below the ground. Due to the preparation of the soil by ploughing, the heat storage above the plates has been neglected. Data from the three soil plates have been averaged to estimate field-scale representative values. This installation allowed the direct measurements of net radiation and soil heat flux, indirect measurements of sensible heat flux via the Monin-Obukhov surface layer similarity theory (Hartogensis, 2006; Thiermann and Grassl, 1992) , and then the derivation of latent heat flux as a residual term of the surface energy balance.
The eddy covariance system (EC) was located in the northern part of the olive field, and is part of the CarboItaly project -an Italian network of eddy covariance installations for monitoring carbon balance in agricultural and forest systems (Papale, 2006) . The instruments include a CSAT3-3D sonic anemometer (Campbell Scientific Inc.) and a LI7500 openpath gas analyzer (Li-cor Inc.) installed at an elevation of 8 m above the ground, a NR-Lite-L net radiometer (Kipp & Zonen) , and two HFP01SC flux plates (HFP01SC, Hukseflux). This installation allowed measurement of all the terms of the surface energy balance. It is well known that in most cases turbulent fluxes measured by the eddy covariance technique suffer from lack of energy balance closure due to a number of factors (Foken et al., 2006) . In this experiment, the balance closure was satisfactory (Pernice et al., 2009 ) with a closure ratio, given by (H + λE)/(R n + G 0 ), of approximately 0.87. Still, in comparison with TSEB fluxes, EC flux closure was enforced by assigning energy residuals to the latent heat flux (Prueger et al., 2005) .
Due to the differences in instrument locations and footprints, the EC and SAS systems generally measured fluxes arising from two distinct source areas within the field. Assuming that flux conditions were generally uniform across the field, flux observations from the two installations were averaged and assumed to be representative of the field average; this hypothesis will be discussed in Sect. 4.2. In Table 3 the SAS-EC average fluxes at the time of the aircraft overpasses are listed.
In order to assess uncertainties in the flux measurements, RMSD (Root Mean Square Difference), MAD (Mean Absolute Difference), and RE (Relative Error) statistics were computed from an EC-SAS flux comparison. Table 3 lists results from this comparison, computed using half-hourly daytime flux measurements from June to October 2008.
The RMSD and RE values computed for R n , G 0 , and H listed in Table 3 are consistent with typical uncertainties derived in flux measurement system intercomparisons (e.g., Twine et al., 2000) . High RE values for G 0 reflect the relatively small magnitude of this flux, but absolute indicators suggest reasonable agreement. Discrepancies in latent heat flux are the largest, due in part to λE from the SAS is computed as a residual, and therefore accumulates errors in all measured flux components, and the EC technique lacking energy balance closure.
Airborne remote sensing data processing
The airborne remote sensing data acquisitions were collected by "Terrasystem s.r.l." using a SKY ARROW 650 TC/TCNS aircraft, at a height of nearly 1000 m agl. The platform has on board a multispectral camera Duncantech MS4100 with 3 spectral bands at Green (G, 530-570 nm), Red (R, 650-690 nm) and Near InfraRed (NIR, 767-832 nm) wavelengths, and a Flir SC500/A40M thermal camera (7.5-13 µm) for radiometric temperature estimation. The nominal pixel resolution was approximately 0.6 m for VIS/NIR acquisitions, and 1.7 m for the thermal-IR data. Figure 3 shows the scheduling of the acquisitions (vertical black lines), along with the temporal trend of daily reference evapotranspiration (ET 0 , green dotted line) computed by means of the FAO-56 proposed formulation (Allen et al., 1998) and total daily rainfall (P , blue line) as was measured by the SIAS weather station. The ET 0 analysis shows that the maximum atmospheric demands were almost constant at about 6 mm d −1 in June-July, and decreased linearly from the middle of August to a value of about 3 mm d −1 in October. This range of variability corresponds to potentially high vegetation stress conditions in the first period (characterized by absence of precipitation), followed by reduced atmosphere demand and moderate episodic rainfall in the second period (from the end of September to October). Of particular interest are the two moderate rainfall events (of about 10 and 25 mm) that occur between the 5th (DOY 247) and the 6th (DOY 284) remote sensing acquisitions on DOY 258 and 267. These events made the last two acquisitions different from the previous overpasses in terms of water availability and consequently potential water stress conditions.
The application of the TSEB model requires a set of spatially distributed remotely sensed inputs that were derived from the airborne imagery. For this purpose the G, R and NIR bands of the 7 acquired images were radiometrically calibrated, and atmospheric influence removed by means of the empirical line method (Slater et al., 1996) using the spectroradiometric information collected by in-situ measurements. The multispectral images were used to derive the Normalized Difference Vegetation Index, NDVI (Rouse et al., 1973) , and the surface albedo by means of a weighted linear combination of the observed reflectances (Price, 1990) . The approach proposed by Clevers (1989) was locally calibrated using the in-situ measurements in order to assess the LAI maps. Finally, the canopy heights have been retrieved by means of local calibrated LAI-based polynomial empirical relationship, as suggested by Anderson et al. (2004) . Radiometric surface temperature (T RAD ) maps, primary input to the TSEB model, have been retrieved from the Flir instrument thermal band images using a linear regression between the acquired temperature and the in-situ measurements, adopting emissivity maps derived from NDVI on the basis of the approach proposed by Sobrino et al. (2007) . Due to the fact that the adopted calibration procedures are widely used and validated, all the measurements were used to obtain the best calibration of the empirical relationships. In Table 2 are reported the coefficients of determination (R 2 ) relative to the calibration procedures, highlighting the good performance obtained with the in-situ local calibration approaches. Figure 4 shows false-colour composites of the three reflectance bands and the radiometric surface temperature maps for the 11 June 2008 (DOY 163) and 21 October 2008 (DOY 295) acquisitions. The comparison of the two falsecolour composition images highlights the increase of vegetation cover (red areas) due to weeds growing beneath the crop trees following the rainfall events on DOY 258 and 267. Rainfall effects are also reflected in the radiometric temperature maps, which show a general decrease in surface temperature in most areas due to increased vegetation cover and wetter soil conditions.
For use in the TSEB model, the temperature and biophysical parameters maps were aggregated and co-registered to a common resolution of 12 m to avoid spatial discrepancies between the multispectral and thermal datasets, following the suggestion of Anderson et al. (2004) . Aggregated temperatures were retrieved averaging the surface radiance values, while other maps were aggregated through linear averaging. The resolution of 12 m was also selected in order to obtain a pixel dimension just greater than the average rows space, minimizing the presence of bare soil (or full covered) pixels inside sparse vegetation fields. In fact, at higher resolutions (on the order of 10 0 m), these areas are constituted by alternating fully vegetated and bare soil pixels, is not theoretically suitable for application of land surface formulations such as the TSEB, which were developed to be applied at spatial scales (∼10 1 -10 2 m) where there is radiation and turbulent exchange between soil and canopy components and surface-layer similarity defining the resistance formulations (e.g., Eq. 15) are applicable.
Results and discussion
In order to evaluate the effect of the estimated wind speed above the soil surface on the energy budget partitioning, the TSEB model was run for all the 7 dates using the three in-canopy wind profile formulations described in Sect. 2.2. Flux outputs from the TSEB using these three formulations were evaluated in comparison with measurements from the olive orchard, then differences in model output over the entire study areas were assessed for all the acquisition dates. Additionally, a preliminary sensitivity analysis of the three wind profile formulations has been performed.
Analysis of wind extinction models
Figure 5 compares in-canopy wind profiles obtained using the Goudriaan, Eq. (17), Massman, (Eq. 19 and Lalic, Eq. 21), models, generated using mean field properties retrieved for olive trees in the study site. For comparison purposes, elevation (agl) is normalized by canopy height, while wind speed is normalized with respect to the speed just above the canopy. In this way, both variables range between 0 and 1.
These comparisons show that the Goudriaan and Massman approaches return very similar values in the upper canopy layer, with divergent results in the lower profiles characterized by higher wind speeds from the Massman relationship. The Lalic model exhibits a larger extinction in the upper layer and very low wind speeds in the lower portion of in-canopy airspace.
It should be stressed, however, that these comparisons are strongly influenced by the assumed canopy structure variables, especially LAI and canopy height. To better understand this dependence, model sensitivity to primary biophysical variables was evaluated. In particular we focus attention on the effect on above-soil speed (U s ), representing the variables of interest for TSEB model application. Figure 6 shows variability in U s /U c with changing values of LAI and h c , fixed inside the typical range of variability for Mediterranean agricultural crops. Looking at Fig. 6 we see that the Massman (middle panel) and Lalic (lower panel) models show low sensitivity to the assumed canopy height (h c ), while the Goudriaan (top panel) model shows wind speed reduction increasing non-linearly with canopy height. Moreover, the Goudriaan approach shows an almost linear dependence on LAI over this range, while the Massman and Lalic formulations show saturation in the extinction effect for higher values of LAI.
At all values of LAI and h c , the Lalic model generates the lowest values of U s (as seen in Fig. 5 ). In contrast, the Goudriaan approach returns low values of U s only under conditions of high LAI and h c , while the Massman model requires only high LAI for significant wind speed reduction.
The net effect is that the Lalic model will typically produce higher values of soil resistance (r s ), tending to reduce the influence of soil fluxes on the in-canopy microclimate. This will have the effect of reducing sensible heat flux estimates from the TSEB model under sparse canopy conditions where R n,s is relatively large. 
Olive field validation
As reported in Sect. 3.2.2, fluxes from the SAS and EC systems were averaged and are taken as reference values characterizing the entire olive orchard. To support the hypothesis of uniformity in this field, spatial variability in NDVI and T RAD was assessed for each of the 5 sub-plots, O1 to O5, on all 7 acquisition dates.
The results of this analysis, reported in Tables 4 and 5 , demonstrate that the deviation of single sub-plot mean values from the global mean is always lower than the standard deviation for both NDVI and T RAD . The only exception is for radiometric temperature in sub-plot O4 for the 3rd acquisition (DOY 204) . This behaviour can be explained by a break in the irrigation system a few days before the airborne overpass, which caused a localized reduction of soil surface temperature. Fortunately, the mean wind direction during the DOY 204 precludes the possibility that the instrument source areas include this sub-plot. For this acquisition, TSEB results from sub-plot O4 have been removed from spatial averages. On the basis of this analysis of spatial variability, the flux maps retrieved by the TSEB model using the three incanopy wind profile models were spatially averaged over the whole field (with the mentioned exception), and mean values were compared with the average EC-SAS measurements computed over a 2 h window centered at the time of the overpasses. Figure 7 shows a histogram of the mean observed sensible heat flux for each remote sensing acquisition date, along with modelled values obtained using the 3 wind profile formulations. This plot shows that in these cases the Massman and Goudriaan approaches yield values very close to the measurements. In contrast, the Lalic approach yields relatively poor flux estimates.
Statistical comparisons between modelled and measured fluxes are shown in Table 6 . In terms of both RMSD and MAD, the Massman approach yields the lowest errors in sensible and latent heat flux. The Goudriaan approach, used in the standard implementation of the TSEB, also returns reasonable estimates in H and λE, comparable with the measurement uncertainties (see Table 3 ). In contrast, the Lalic incanopy wind profile model yields unacceptably high errors with respect to measured fluxes.
The statistics in Table 6 also suggest that the TSEB yields reasonable estimates of net radiation and soil heat flux, and that model-measurement agreement for flux components is not very sensitive to the choice of in-canopy wind profile law in this case. It should be noted that results from the Massman model are related to the choice of the α * parameters in Eq. (20), which can change considerably for different land uses. This will contribute additional complexity in spatially distributed applications of TSEB, because of the introduction of an additional parameter that is not easily retrievable from remote sensing data.
Study area model comparisons
As highlighted in Sect. 4.1, differences between the three incanopy wind profile laws can depend strongly on values assumed for LAI and h c for the analyzed crop. This is further demonstrated in the pixel-by-pixel scatterplots shown in Fig. 9 , representing an analysis of model results over the entire study area. Figure 9 shows comparisons of H fluxes estimated for the airborne acquisition under higher wind speed conditions (3rd acquisition, DOY 204), moderated wind (2nd acquisition, DOY 185) and lower wind speed (7th acquisition, DOY 295). The plots of Fig. 9 show that the Massman model generally returns the highest values of sensible heat, whereas the Lalic model yields the lowest H . Moreover, the differences between the three models are largest for mid-range H values, generally associated with areas of moderate vegetation cover (approximately in the range 0.15-0.50). Additionally model discrepancies are largest under the highest wind speed conditions. Finally, illustrated in Fig. 10 are differences between crop types in how choice of in-canopy wind profile model impacts modelled H , showing mean sensible heat flux estimated by each model for citrus fields C1 and C2 and vineyards V1 and V2 demarcated in Fig. 2 . Obviously the absence of flux measurements in citrus and vineyards fields allows only a comparative model vs. model examination on these fields. Differences are relatively small for field C1, characterized by high LAI, probably due to the fact that soil sensible heat fluxes contributions are negligible for this canopy coverage condition. Field C2 also had high LAI, but lower than field C1; in this case, differences in H estimated using the Lalic model are more significant.
On most days, the three in-canopy wind profile models yield similar estimates of H for vineyard field V1. This field has very low canopy coverage, with only moderate extinction in the foliage air-space. In contrast, the vineyard in field V2 had moderate canopy coverage, more comparable to the olive groves examined in earlier sections. In this case, the Lalic model predicts the largest extinction effects and therefore the lowest estimates of sensible heat flux, similar to the olive cases.
In summary, significant differences in system sensible heat estimated using the three wind profile models are found only for canopies characterized by moderate vegetation coverage. For higher cover fields, the soil sensible heat flux contributions become negligible, whereas for low vegetation cover fraction, the canopy extinction effects on near-surface wind speed are minor.
Conclusions
A set of 7 high resolution multispectral airborne remote sensing images and associated in-situ measurements have been collected over an agricultural area in the southern part of Sicily, characterized by a typical Mediterranean climate. This dataset has been used to evaluate the behaviour of the TSEB model over fields with sparse, tall vegetation, such as orchards and vineyards. For such canopy architectures, a detailed analysis of flux exchanges in the air space between canopy crown and soil surface can provide valuable insight into the surface energy budget partitioning.
The goal of this work was to assess sensitivity of TSEB flux estimates to the modelling of the wind speed just above the soil using three different approaches: the Goudriaan in-canopy wind profile model (1977) used in the original TSEB formulation, the Massman (1987) model, and the Lalic et al. (2003) formulation. Evaluation of the three models was performed over an olive field where micrometeorological measurements were collected throughout the growing season using a small aperture scintillometer and an eddy covariance installation.
Analysis of the results indicates the best agreement with measured sensible heat flux was obtained using the approach proposed by Massman, with errors, quantified by means of RMSD and MAD indices, on the order of 20 W m −2 for all energy flux components, comparable with uncertainties expected in the measurements themselves. However, the simpler Goudriaan model also yielded reasonable estimates of the sensible and latent heat fluxes, with somewhat larger errors than the Massman approach but still comparable with the measurements uncertainties. In contrast, results from the TSEB model using the Lalic formulation were poor, especially for high values of sensible heat fluxes values associated with day characterized by high wind speed conditions. The Lalic model predicts strong extinction of winds through the canopy, and therefore low wind speed at the soil surface and therefore low soil sensible heat flux contributions. The Massman and Goudriaan models predict similar wind speed profiles, with the Massman model generally returning lower extinction and higher sensible heat flux values that were in better agreement with measured fluxes. Differences in flux estimates using the three models were largest for high wind speeds and mid-range flux conditions.
To better understand the correlation between canopy parameters and model differences, model flux estimates were compared over 4 additional fields where no fluxes measurements were available, characterized by different vegetation coverage and crop type, including citrus groves and vineyards. This analysis suggests that in-canopy wind profile model discrepancies become relevant, in terms of impact on modelled sensible heat flux, only for sparse canopies with moderate vegetation coverage. This finding can be explained by the negligible contribution of soil sensible heat flux in the case of high coverage, and by the minimal wind extinction effect in the case of very sparse vegetation.
While the Massman model yielded better agreement with observed fluxes in this study, the simpler Goudriaan approach provided comparable results using fewer parameters. The Massman model requires a parameter accounting for roughness sub-layer of the underlying vegetative surface, the value of which will be difficult to specify accurately in spatially distributed applications of the TSEB. For localscale applications, the Massman model may provide better results.
Further tests of in-canopy wind profile parameterization within the TSEB model will incorporate forested land cover classes and a range of surface moisture conditions to better understand sensitivity to canopy architecture and soil surface conditions. In the near future, the study will be extended in detail for crops characterized by a strong row structure, such as vineyards, to assess the role of wind direction in flux exchanges. In order to more rigorously evaluate these wind extinction models under a range of canopy conditions, a series of wind profile measurements will be collected under different cropping systems. Such measurements will improve our understanding of these exchange processes under clumped vegetation conditions.
